Comprehensive angiography provides insight into the diagnosis of vascular-related diseases. However, complex microvascular networks of unstable in vivo organs such as the eye require micron-scale resolution in three dimensions and a high sampling rate to access a wide area as maintaining the high resolution. Here, we introduce dual-beam-scan Doppler optical coherence angiography (OCA) as a label-free comprehensive ophthalmic angiography that satisfies theses requirements. In addition to high resolution and high imaging speed, high sensitivity to motion for detecting tiny blood flow of microvessels is achieved by detecting two time-delayed signals with scanning of two probing beams separated on a sample. We present in vivo three-dimensional imaging of the microvasculature of the posterior part of the human eye. The demonstrated results show that this technique may be used for comprehensive ophthalmic angiography to evaluate the vasculature of the posterior human eye and to diagnose variety of vascular diseases. References and links 1. S. Dithmar, and F. G. Holz, Fluorescence Angiography in Ophthalmology (Springer, 2008). 2. A. Fercher, and J. Briers, "Flow visualization by means of single-exposure speckle photography," Opt. Commun. 37(5), 326-330 (1981). 3. G. Michelson, and B. Schmauss, "Two dimensional mapping of the perfusion of the retina and optic nerve head," Br. J. Ophthalmol. 79(12), 1126-1132 (1995 Appl. 8(3) , 29-37 (1988 Oshika, "Visualization of sub-retinal pigment epithelium morphologies of exudative macular diseases by highpenetration optical coherence tomography," Invest. Ophthalmol. Vis. Sci. 50(1), 405-413 (2008).
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Introduction
Assessment of the circulatory system is essential for diagnosing diseases and investigating pathology. Vascular imaging is a powerful tool to assess of the circulatory system. In clinical ophthalmology, however, there are many difficulties in vascular imaging. The eye has one of the most complex vascular systems because of its fine anatomy to form the vision system. Fluorescence angiography is the current standard diagnostic method for assessing circulation in the posterior eye [1] , providing detailed visualization of the retinal and choroidal vasculature. However, it has nearly no depth-resolving power due to the property of eye optics and sensitivity [1] , making it difficult to access the longitudinal vasculature. There are several other techniques of optical blood flow imaging in vivo human posterior eye [2] [3] [4] . However, all of them have the same disadvantage of axial resolution. Widely used non-ophthalmic vascular imaging such as computed tomographic and magnetic resonance angiographies [5] and ultrasound sonography are unsuitable because they provide poor resolutions compared to fine structures in the eye. Angiographic imaging using optical coherence tomography (OCT) [6] is a possible alternative to current methods. OCT with a spectrally resolved detection scheme [7] [8] [9] [10] enables high-speed three-dimensional volumetric imaging in vivo [11] [12] [13] [14] [15] . Volumetric vasculature imaging [16] [17] [18] [19] [20] [21] is also enabled by high-speed blood flow detection with OCT [22, 23] . High-sensitive angiographic OCTs are recently presented by using Doppler phase shift between successive B-scans or specialized beam-scan pattern [24] [25] [26] [27] . However, to obtain high sensitivity, still the options of spatial sampling configuration are limited. This limitation causes the loss of imaging speed and a disadvantage for high-speed and highsensitive angiography of in vivo eye imaging.
In this paper, we developed three-dimensional angiography with high-speed OCT, called optical coherence angiography (OCA) [16] , with dual-beam-scan Doppler detection. Timedelayed dual scan with two probes is used to achieve high sensitivity and high speed imaging. We demonstrate the utility of dual-beam-scan Doppler OCA to perform high-speed, highresolution three-dimensional imaging of the vasculature in the in vivo human eye. Probing lights are led into the tissue, which has a refractive index n. The backscattered lights are collected at the emission points. Phases of lights reflected from within a blood vessel that is oriented at angle θ to the propagation direction of the beams are modulated by a Doppler frequency shift since they are scattered by moving scatterers, e.g., red blood cells. By scanning the probes, the following beam at t = tf reaches the position where the preceding beam was located at t = tp. By comparing the phases of two backscattered lights at the same position with the preceding and following beams, the Doppler frequency shift can be quantified.
Method

Principle of dual-beam-scan Doppler detection
The dual-beam-scan Doppler detection method measures single Doppler frequency shift from two backscattered lights associated with two probing beams. The probes are separated on the sample into the scanning direction and scanned simultaneously (Fig. 1) . Through the scanning of probes over the sample surface, electric fields of lights, E p (x,y,z,t p ), E f (x,y,z,t f ), are backscattered from a position (x,y,z) of the sample and are collected at different times, t p , t f ., where the subscripts p and f denotes preceding and following probes respectively. Spectrallyresolved interference signals between collected lights and reference light are detected and Fourier transformed into complex OCT signals [22] , Γ p (x,y,z 0 ,t p ) and Γ f (x,y,z 0 ,t f ), where z 0 = zz R is the path length difference from the reference length z R . Since motion distribution within the sample causes Doppler frequency shifts Δf(x,y,z 0 ), phases of OCT signals which are obtained from interference signals are modulated over time as
, where Γ p ' (x,y,z 0 ) and Γ f ' (x,y,z 0 ) are time independent parts of Γ p (x,y,z 0 ,t p ) and Γ f (x,y,z 0 ,t f ). By using the same wavelength band for two probes, we can assume that
where ΔT = t f -t p is the time delay. In previous angiographic OCTs, the same point or very close points should be sampled by a single probe at least twice. This requirement heavily limits the options of scanning protocol of angiographic OCTs. Since the dual-beam-scan Doppler OCA scans exactly same location on the retina twice by using two probe beams, it is free from this limitation of scanning protocol. Furthermore, the detection sensitivity of Δf(x,y,z 0 ) can be increased without decreasing of imaging speed since ΔT, which is in proportion to the Doppler sensitivity from Eq. (1), can be independently adjusted from the scanning protocol by changing the separation of probes and its orientation.
System configuration
The instrumentation diagram is shown in Fig. 2 . Two probing beams are multiplexed in orthogonal polarization states. The light source is a superluminescent diode (SLD-37-HP, Superlum Diodes Ltd., Ireland) with the central wavelength of 840 nm and spectral bandwidth of 50 nm (full width at half-maximum: FWHM). Light source output is propagated in a single-mode (SM) fiber. The light passes through a SM fiber isolator. A polarization controller follows the isolator. The light is split to the fast and slow modes in the polarizationmaintaining (PM) fiber (Thorlabs, USA). The interferometer consists of a PM fiber coupler. The splitting ratio of the coupler is 80/20 with 20% going to the sample arm. Two polarization modes are separated by a Wollaston prism in the probing arm. The similar interferometer configuration has presented in the previous study for differential phase contrast imaging [28, 29] . The custom-made Wollaston prism (Halbo Optics, UK) has a separation angle of 0.35 degrees. Two polarization modes independently propagate in the system. The separation of two modes on the cornea becomes 0.684 degrees. After passing the eye optics, the two polarization mode form two probe light spots on the retina, and back scattered. The back scatters lights are combined again by the Wollaston prism and introduced to a polarizationsensitive spectrometer through PM fiber. The two backscattered lights from the sample are independently detected by the polarization-sensitive spectrometer which is identical to the previous study [30] . A polarization beam splitter divides the two polarization modes, and two line scan cameras (AViiVA M2 CL 2014, e2V) detect each mode. The acquisition rate of cameras is 27,778 lines/s. A homemade pupil monitor and fixation target are combined with the system to aim at the center of the pupil and stabilize the subject's gaze. The polarization controller in the SM fiber regulated the polarization state at the connection between the SM and PM fibers to ensure identical optical powers in each mode and the same sensitivity in both polarization channels. The optical power on a sample is 370 μW for each polarization mode. The total power is 740 μW, which is lower than the safe exposure limit according to the ANSI standard (Z136.1). The predicted shot-noise-limited sensitivity is 100 dB with an integration time of 34.8 μs. The sensitivity was measured as 94 and 93 dB for each channel, which was approximately 6 dB lower than the shot-noise-limited sensitivity. This is reasonable since the optical power loss of the system was measured to be 6.5 dB, which may be due to the loss at fiber re-coupling, polarization crosstalk in optical components, the alignment error of the mirror sample for sensitivity measurement because of the difficulty to align the mirror for both separated sampling beams. The beam diameter at 1/e 2 on the cornea is about 820 μm: the beam spot diameter on the retina is around 13 μm (FWHM). The axial resolution of approximately 8 μm (FWHM) in air is achieved. A cross coupling between the polarization channels could cause a ghost image in PM fiber-based system [31,32]. However, this ghost image is negligible in our system by the following reasons. (1) In the sample arm, backscattering at the tissue will cause the alteration of the state of polarization, and cross-polarized component generated by the alteration will cause the cross coupling. However, in our system, the Wollaston prism directs the crosspolarized component out of the fiber core, and it does not contribute to the generation of the ghost image. (2) In the reference arm, since there are only a few optical elements and no polarization component, the polarization cross coupling is small. In addition, the extinction ratios of all the polarizing optics are high for the entire bandwidth, because the light source employed in our system is not ultra-broadband. Because of these reasons the cross coupling are reasonably small and the ghost image is negligible.
Flow image processing
Flow signal is obtained with post-signal processing. Two OCT signals are aligned horizontally and longitudinally. The lateral displacement is corrected by accounting the observation time. Fiber-length-mismatch between the sample and reference arms and its resulting group delay mismatch between two polarization channels of PM fiber causes axial displacement between the two OCT signals. The variance of the phase difference of two OCT signals takes its minimum when this axial displacement was cancelled. In the system calibration process, this displacement was determined by minimizing the phase variance of OCT signals obtained from a static turbid phantom, and numerically cancelled in the true measurement process. Two OCT signals at the same location are obtained. The phase shift between them is provided by using the Kasai auto-correlation
. Since this averaging makes g approaching to the population correlation, it will be suppressed and to be zero in the case of completely random noise while maintained for the correlated signals. The threshold level can be set lower and classification accuracy will be high. As for additive white noise, SD-OCT noise is a zero-mean circular Gaussian variable, where the amplitude is a random Rayleigh variable. The probability density distribution of the amplitude of the product of the noise is a double-Rayleigh distribution [ 
where σ is the standard deviation of amplitude noise in the OCT signal and α is a constant factor set as 4 or 6. Squared Doppler phase shift is calculated from the result of Eq. (2) and used for qualitative vasculature imaging. Projection images are created by integrating the squared phase shift along the depth. Stereograms, which are pairs of projections from slightly different angle, are provided to show three-dimensional distribution of vasculature. Boundary segmentation algorithm has been applied to separate the retina and the choroid [16].
Results
Comprehensive angiography was performed with OCA using dual-beam-scan Doppler detection. The sample was discriminated in three dimensions with the resolution of approximately 15 μm × 30 μm × 6 μm (horizontal sampling separation × vertical sampling separation × and coherence length). Non-invasive three-dimensional microvasculature imaging in the in vivo human retina has been demonstrated. The Institutional Review Board of University of Tsukuba approved the experiments. Informed consent was obtained from all volunteers and patients. The probing beams were delivered to the eyes and reached the posterior eye. Backscattered light from the retina and choroid was detected. A healthy eye was scanned over 7.8 × 7.8 mm 2 area with 500 × 256 points around the macula. The total acquisition time was 5 s, marginally suited for in vivo human eye imaging. The observation time of motion detection at each point was 396 μs, namely a single point of the retina was scanned twice with this time separation. The volume rendering of three-dimensional flow distribution of a human eye without abnormalities is shown in Fig. 3a . Both the vasculature of the retina and choroid are main supplies to the retina but isolated to each other. Hence it is clinically useful to distinguish them. In Fig. 3a , vessels in the retina and the choroid are distinguished by image segmentation algorithm for OCT images [16] and expressed in different color maps. High-contrast vascular maps in the en-face plane were obtained by projecting three-dimensional squared Doppler flow images (Fig. 3b and 3c) . To express the three dimensional structure of two vascular networks, a wall-eyed stereoscopic method was employed (Fig. 3d) , where the left pane is for the left eye and the right pane is for the right eye. Different color maps were assigned for the retina and the choroid. Dual-beam-scan Doppler OCA can generate high-contrast retinal and choroidal vascular maps. To demonstrate the use of wide-field angiography in the in vivo human eye, six sections were scanned to compose wide-field images. The mosaic of vasculature images at the retina and the choroid are shown in Fig. 4a and 4b . Each section was acquired in 5 s and covers an approximate 7.8 × 7.8 mm 2 area. The total acquisition time was 30 s and the mosaic image covers around 16 × 20 mm 2 . Owing to the high-resolution three-dimensional imaging, two overlaid vasculatures, the retina and the choroid, can be discriminated. Major retinal vessels around the optic nerve head (ONH) and the macula were observed (Fig. 4a) . Fine branches around the fovea were also clearly visualized. In Fig. 4b , the fine choroidal vasculature of the peripapillary region was well contrasted. It shows macroscopic structural properties of vasculature in the posterior eye. Abnormal choroidal vasculature imaging is a significant application for optical coherence angiography [34] . Vasculature imaging has also been used in polypoidal choroidal vasculopathy (PCV) to show the ability of the dual-beam-scan Doppler OCA to the abnormal vasculature investigation. Five pathologic eyes of 4 subjects with PCV were scanned over a 3.9 × 3.9 mm 2 area with 512 × 256 points around the macula. The observation time of Doppler detection was 792 μs, namely, a single location on the retina was scanned twice with the time separation of 792 μs. Abnormal choroidal vascular network and detachment and elevation of the retinal pigment epithelium (RPE) are characteristics of PCV [35, 36] . The representative images are shown in Fig. 5 . The depth resolved vasculatures can be observed in a stereogram (Fig. 5a ). There is a thick abnormal vascular network under the RPE at the fovea. Figure 5a also indicates that the network is located above the surrounding choroidal vessels. Retinal vessels undulated in the longitudinal direction since the retina was elevated. In PCV, polyp-like lesions with pigment epithelium detachment (PED) occur around the abnormal vascular network, visualization of which was provided by the dual-beam-scan Doppler OCA image. In a comparison with Indocyanine green angiography (ICGA) (Fig. 5b) , it is found that the remarkable abnormal vasculature generated a similar pattern in both OCA and ICGA images. The longitudinal location of the vascular network can be identified by simultaneously displaying cross-sectional tomography of the eye. A cross-sectional structure of the posterior part is observed by OCT image (Fig. 5c) . The RPE was elevated and the complex tissue existed between the RPE and the choroid. In the en-face cross section of the blood flow image overlaid on the OCT image (Fig. 5d) , the abnormal vasculature existed at this layer. Although the origin of these abnormal vessels is controversial, dual-beam-scan Doppler OCA will provide a new insight to the debate about this pathology. To generate a three-dimensional map of retinal capillaries, the macula around the fovea was scanned. By decreasing the probe scanning speed, the observation time was elongated. This elongated observation time enabled ultrahigh-flow-sensitive imaging. Three eyes of 3 healthy volunteers were scanned over a 1.9 × 1.9 mm 2 area with 512 × 256 points around the macula. The observation time was 1.58 ms. Retinal capillaries around the fovea were visualized in three dimensions by a stereogram (Fig. 6a) . The three-dimensional complex and dense capillary network of the macula is shown. In the volume rendering [37] with depthencoded color map (Fig. 6b) , it can be seen that retinal capillaries comprise roughly 3 layers (yellow, orange, and purple vessels). Different patterns of retinal capillary network are confirmed with depth-segmented projections (Fig. 7) , a result that is consistent with histological findings [38, 39] . The relatively thick retinal vessels are appeared in all segments; it is perhaps due to the shadowing effect [40] . A region without vasculature is found at the center of the fovea, which is known as the foveal avascular zone (FAZ). Expansion of FAZ is suggested to be an indicator of diabetic retinopathy [41] [42] [43] . The FAZ was manually outlined (Fig. 6b, yellow closed line) , and the perimeter and area were measured as 1.59 mm and 0.179 mm 2 . The results from 3 subjects ranged between 1.59 to 2.42 mm in perimeter and 0.177 to 0.339 mm 2 in surface. They are consistent with a previous study conducted with Fluorescein angiography [43] . Non-invasive, detailed, high-speed imaging of the microvasculature by dual-beam-scan Doppler OCA will be suitable for screening and monitoring of vascular diseases.
Discussion
In ophthalmic imaging, fast image acquisition is essential to obtain good image quality. Since live eyes move frequently and quickly, with frequent blinking to condition the cornea, imaging times of less than a few seconds is preferred. Other three-dimensional microvasculature imaging techniques are difficult to perform in living eyes. Doppler ultrasound is slow and has limited resolution due to acoustic attenuation. Photoacoustic microscopy [44] is a promising technique for microvasculature imaging. Its resolution, however, will be limited by acoustic attenuation and laser safety of the eye. Several optical techniques based on confocal microscopy, such as fluorescence confocal microscopy [45] , require long acquisition times to collect significant optical power. Previous angiographic OCT using Doppler detection had a trade-off between the sensitivity and the imaging speed. Several previous works improve the sensitivity by using successive B-scans to obtain flow signal or employing specialized scanning pattern [24] [25] [26] [27] . The trade-off is mitigated by these method, however still exists for three-dimensional imaging. Not only the observation time for the motion detection but also spatial sampling density is another major factor of flow sensitivity [46, 21] . Both limit the speed of high-sensitive, high-resolution vascular imaging. The high sensitivity of flow is preserved by the dual-beam-scan Doppler flow detection with high imaging speed. It provides smooth vascular images in an acquisition time of a few seconds.
FA and ICGA are current clinical standard for ophthalmic angiography. Dual-beam-scan Doppler OCA possesses two evident advantages to these conventional angiographies. First, OCA can assess full three dimensional structure of vasculatures, while FA and ICGA are nominally two-dimensional modalities. Second, OCA is totally non-invasive, while FA and ICGA are known to have moderate but frequent adverse reactions, e.g. nausea, and rare but severe reactions, e.g. anaphylaxes. These two advantages will make OCA as a tool for routine assessment.
Non-invasive comprehensive imaging of posterior eye vasculature by dual-beam-scan Doppler OCA will be suitable for routine monitoring of vascular conditions particularly because of its non-invasiveness. In current clinical ophthalmology, vascular diseases such as age-related macular degeneration are treated with anti-VEGF drugs and/or photodynamic therapy. Although these treatments improve visual acuity, the disease is not cured and symptoms inevitably reoccur. Periodic assessment of the progression of vascular diseases may facilitate better therapeutic management. Further, early detection of abnormal vasculature could enable earlier therapy and protection against the development of some vascular-related diseases. Evaluation of wide-field microvasculature, including longitudinal structures, may reveal tissue activities. Three-dimensional retinal capillary imaging will be a powerful tool not only for retinal disease diagnosis but also for evaluating the whole-body circulatory system. The capillary network changes according to the condition of the vascular system; e.g., hypertension reduces capillary density [47] .
In the current system, dual probing beams are provided with mutually orthogonal linear polarization states. Hence, the phase shift between two channels due to birefringence of tissue will be occurred and results in artifacts. The flow images are possibly disturbed at and beneath thick and/or high birefringent tissues, such as thick nerve fiber layer close to the optic nerve head, nerve fiber in the optic disc, and the sclera. The polarization scrambling also causes phase retardation between two different polarization states [48] . Although the RPE is known to cause polarization scrambling [48] , the polarization change at pigments [49] may be caused by scattering, and hence the light passing through the RPE without scattering might not be suffered by the polarization change. Hence the polarization scrambling at the RPE may not affect to choroidal flow imaging. In contrast, choroidal pigments may disturb the flow imaging.
Fast bulk eye motion such as saccade can cause large shift between two channels laterally and longitudinally. The shift due to the bulk motion decreases correlation between two channels and results in increased phase shift noise. During in vivo eye imaging, flow images were corrupted if saccade occurred. However, if the shift is only along axial and beam separation directions, it could be compensated by post-image registration.
At the macula, very rich choroidal perfusion and dense network of fine vessels are expected. Perhaps due to resolution limitations, the capillary network in the choroid was not resolved in current dual-beam-scan Doppler OCA images. To visualize large choroidal vessels, more high penetration to the choroid will be needed. The combination of recently developed high-penetration OCT with 1-um wavelength probe [50, 51] and the dual-beamscan scheme may enable the visualization of large choroidal vessels in the future.
Conclusion
We demonstrated a method for non-invasive high-speed three-dimensional imaging of microvasculature by using dual-beam-scan Doppler OCA. In vivo three-dimensional microvasculature of the posterior part of the human eye had been acquired within a few seconds. Dual-beam-scan Doppler OCA will be a powerful complementary tool of ophthalmic diagnosis for vascular diseases. Furthermore, this high-speed non-invasive angiography might be a potential screening method for vascular-related diseases.
Conventional techniques remain limited for vasculature imaging. On the other hand, the investigation of the dynamics of blood flow is fundamental for a comprehensive assessment of the circulatory system, and it requires high-speed, high-sensitivity, and high-resolution flow measurement. The dual-beam-scan method is able to provide these three requirements simultaneously. Further improvements of the acquisition system, particularly in its speed, will enable four dimensional imaging of microvessel perfusion and further assessment of circulatory system.
